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Abstract 
High-CO2 coal seams occur in many sedimentary basins world-wide and provide natural analogues of the processes 
likely to occur as a result of CO2 injection and storage in coal systems. CO2 is stored in coal predominantly as 
adsorbed molecules on micropore surfaces (adsorption trapping) that allow higher densities and greater volumes of 
CO2 at shallower depths than in sandstone and carbonate reservoirs. In the longer term CO2 will dissolve in 
formation water and react with minerals in the host formation (solubility/ionic trapping) and may be precipitated as 
carbonate minerals (mineral trapping). A recent study suggests that solubility trapping is the predominant CO2 sink 
in natural gas fields (Gilfillan et al., 2009), whereas our natural analogue studies in the Bowen and Gunnedah 
Basins, eastern Australia, indicate that CO2 has been stored in coal and sandstone formations since the Mesozoic 
through a combination of adsorption and mineral carbonation reactions. These differences reflect the different 
mineralogies and hydrogeology of the CO2-rich natural gas fields studied by Gilfillan et al. (2009) and coal systems. 
Our work shows that natural analogue studies of sites that have stored CO2 over geological time scales are essential 
to determine the mechanisms of CO2 storage and the level of characterisation required for storage site equivalents. 
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1. Introduction 
CO2 storage in coal seams is an attractive geosequestration option when coupled with enhanced production of 
coal bed methane (ECBM) because of coal’s higher adsorption preference for CO2 relative to CH4 [1]. The preferred 
targets are deep unmineable coal seams; however, injectivity may be an issue with coal seams not previously 
drained of CH4 because of the reported swelling associated with adsorption of CO2 [1, 2].  Published estimates of 
the CO2 storage capacity of coal seams world-wide vary widely between 225 Gt [3] and 964 Gt [4]. CO2 is stored in 
coal predominantly as adsorbed molecules on micropore surfaces (adsorption trapping) allowing higher densities 
 
* Corresponding author. Tel.: +61-(0)7-3365-1159; fax: +61-(0)7-3365-1277. 
E-mail address: s.golding1@uq.edu.au. 
c⃝ 2 1 Published by Elsevier Ltd.
Energy Procedia 4 (2011) 3131–3138
www.elsevier.com/locate/procedia
doi:10.1016/j.egypro.2011.02.227
Open access under CC BY-NC-ND license.
2 Author name / Energy Procedia 00 (2010) 000–000 
and greater volumes of storage at shallower depths than in sandstone and carbonate reservoirs where CO2 is stored 
initially as a free phase (structural/stratigraphic and residual trapping) and later as dissolved or mineralized forms. 
 
A recent study suggests that solubility trapping is the predominant CO2 sink in CO2-rich (>80%) gas fields with, 
in some cases, >90% of the initial CO2 partitioning to the aqueous phase [5]. On the other hand, natural analogue 
studies in the Bowen and Gunnedah Basins, eastern Australia, indicate that significant amounts of magmatic CO2 
have been stored in coal and sandstone formations since the Mesozoic through a combination of adsorption and 
mineral carbonation reactions [6]. These differences may reflect the different scales of investigation (reservoir 
versus basin scale) of the gas fields studied by Gilfillan et al. (2009) [5] and basin wide natural analogue systems. 
Specifically, larger scale investigations include the ultimate fate of the CO2 where reservoir scale studies are often 
limited to near field gas-water-rock interactions. Once dissolved in the water, the CO2 is more susceptible to 
geochemical interactions that determine the long term storage potential. In general, siliclastic reservoirs have greater 
potential for mineral trapping than carbonate reservoirs. The extent of mineral trapping in siliclastic reservoirs 
depends on a number of variables including primary mineralogy, formation water chemistry and the thermal and 
fluid flow history of the basin. For example, Fe
2+
 from the dissolution of iron-bearing minerals such as chlorite 
precipitates as ankerite and siderite while Na
+
 and Al
3+
 are provided by dissolution of aluminosilicate minerals and 
may result in the precipitation of dawsonite. 
 
Significant CO2 production and mineral trapping occurred in eastern Australia during the Mesozoic in the form of 
authigenic carbonate mineral occurrences throughout the Bowen-Gunnedah-Sydney (BGS) basin system [7, 8, 9, 
10]. In the Bowen Basin, carbonate–clay mineral authigenesis was a result of meteoric hydrothermal activity driven 
by episodes of Mesozoic extensional tectonism [8, 11, 12, 13].  Intense carbonate veining and coal seam cleat 
mineralisation in the Gunnedah and Sydney Basins took place as a result of heat and CO2 release associated with 
magmatism during the Cretaceous breakup of Gondwana [7, 9, 10, 14]. The occurrence of dawsonite as a late stage 
cement, fracture fill and replacement phase in Denison Trough sandstones in the Bowen Basin and coal measures of 
the Gunnedah and Sydney Basins provides clear evidence of high CO2 concentrations in sandstone and coal 
reservoirs and the presence of Na and Al from dissolution of alumino-silicate minerals [7, 9, 10]. In the current 
study we focused on locations in the Bowen and Gunnedah Basins in eastern Australia where it is possible to 
compare the mineralogy and geochemistry of high and low CO2 coal seams. The study aimed to establish the 
sources and geological controls on CO2 distribution in coal seams and the mechanisms that sequester CO2 naturally 
in coal systems. 
2. Geological Background 
The Permo-Triassic BGS basin system of eastern Australia contains coal seams and gas fields with elevated 
levels of CO2 and provides one of the best natural laboratories in the world to study storage of CO2 in coal systems. 
The BGS basin system extends some 2000 km north-south from central Queensland to southern New South Wales 
and comprises three interconnected sedimentary basins, the Bowen, Gunnedah and Sydney Basins, which are 
overlain in part by the Jurassic-Cretaceous Surat Basin (Fig. 1). The Bowen and Gunnedah are back arc extensional 
to foreland basins that formed in a backarc setting in response to far-field stresses originating to the east of the BGS 
basin system at the convergent plate margin of East Gondwanaland [15].  Extensional events and subsequent 
thermal subsidence have played a major role in the formation and evolution of the BGS basin system resulting in the 
development of a number of major depocentres separated by basement highs. The Bowen Basin that is the most 
northerly element of the BGS contains two major depocentres, the Denison Trough to the west and the Taroom 
Trough to the east. There are several producing gas fields in the Denison Trough and additional gas accumulations 
with high concentrations of CO2. Gas contents of the coal seams generally increase with depth in the Bowen Basin 
but are quite variable, which indicates multiple factors are responsible for the actual gas content. Commercial coal 
seam gas production has come mainly from the late Permian Bandanna Formation and correlatives the Baralaba and 
Rangal Coal Measures in the central and southern Bowen Basins and the somewhat older Moranbah Coal Measures 
in the northern Bowen Basin [16]. Coal seam gases in the Bowen Basin are very dry with low wet gas contents and 
CO2 content generally less than 2% [16]; however, coal seams in the Oaky Creek and Collinsville regions of the 
Bowen Basin have variably high CO2 contents often in excess of 50% of the total gas content (Fig. 2). 
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Figure 1 (a) Map of the northern Gunnedah Basin, New South Wales (NSW) showing the location of studied boreholes in the Bohena Trough. 
Inset shows extent of BGS basin system in NSW. (b) Map of the central and northern Bowen Basin, Queensland showing the distribution of the 
coal measures and the location of Oaky Creek mine. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Gunnedah Basin comprises the central part of the BGS basin system and has been divided into the Gilgandra, 
Mullaley and Maules Creek Subbasins, which are separated by the Rocky Glen and Boggabri Ridges [17]. The 
Bellata, Bohena and Bando Troughs in the northern Mullaley Subbasin (Fig. 1) contain up to 1200 m of marine and 
nonmarine siliclastic rocks including coal measures with highly variable CO2 contents (Fig. 3). The Bohena Trough, 
that is the subject of the current study, hosts natural gas resources in sandstone reservoirs and coal seam gas 
resources in coal measures of the Early Permian Maules Creek Formation (Bohena Seam) and the Late Permian 
Black Jack Formation (Hoskissons Seam). Both gas composition and content vary widely within the coal measures 
with highest CO2 levels on anticlinal structures and adjacent to specific faults [18]. 
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Figure 2  CO2 contents for coal seam gases from the Oaky Creek area of the Bowen Basin versus gas content (left) and depth of cover (right). 
Gas content is reported on an as received basis at sample ash.  
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Figure 3  CO2 contents for coal seam gases in Hoskissons seam in the Bohena Trough of the Gunnedah Basin versus gas content (left) and 
depth of cover (right). 
3. Methods 
Coal seams and their immediate roof and floor sections from the Gunnedah Basin (Hoskissons and Bohena 
Seams) in the Narrabri area, New South Wales and from the Bowen Basin (German Creek Seam) at Oaky Creek, 
Queensland were sampled in detail (Fig. 1). The sampling in the Gunnedah Basin covered cored sections from the 
Late Permian Upper Black Jack Formation to the Early Permian Maules Creek Formation in coal seam gas 
exploration boreholes located in the Bohena Trough (see [17] for detailed lithostratigraphy). In previous studies, we 
undertook comprehensive sampling of 38 boreholes from the central and northern Bowen Basin and detailed 
petrographic, isotopic and geochronological studies [8, 11, 12, 13]. For this project, we specifically focused on 
sampling coal seam gases and core from a high CO2 well and a comparative low CO2 well in the German Creek 
Formation at Oaky Creek in the central Bowen Basin. Detailed X-ray diffraction (XRD) analyses of whole rock 
samples (sandstone, mudstone, tuff and cleat-vein minerals) and clay mineral separates (<2 micron fractions) as well 
as thin section petrographic analysis were conducted on the Gunnedah and Bowen Basin samples. 
 
The carbonates were reacted off-line with orthophosphoric acid to extract CO2 for carbon and oxygen isotope 
analysis [19].  Calcite and dawsonite were reacted at 25°C for 1 day, dolomite and ankerite at 50°C for 3 days and 
siderite at 75°C for three days. Sample gases were analysed on an Isoprime Dual Inlet Stable Isotope Ratio Mass 
Spectrometer at the University of Queensland. Acid fractionation factors of 1.01025, 1.01066 and 1.00954 were 
used for the calculation of 
18
O values of the calcites, dolomites and siderites, respectively [20, 21]. The calcite 
factor was used for dawsonite in the absence of experimental data for the dawsonite-acid fractionation factor [cf. 7]. 
Stable isotope analyses are reported in per mil (‰) relative to V-SMOW for oxygen and V-PDB for carbon, with 
analytical uncertainties better than ±0.1 ‰ (1). Coal seam gases were desorbed from canister coal samples of the 
Oaky Creek cores C12842 and C12843 at the Geogas Laboratory, Mackay over an 8 to 9 day period. The gas 
samples were collected in tedlar bags and sent to Geoscience Australia for stable isotope analysis of δ13C and δD of 
CH4, δ13C of CO2 and gas compositions using the procedures described in (22, 23]. Gas composition and content 
data for the Oaky Creek cores are augmented by unpublished data for coal exploration boreholes in the Oaky Creek 
area of the Bowen Basin and the Bohena Trough of the Gunnedah Basin (Figs. 2 & 3). 
4. Results and Discussion 
4.1 Coal seam gas distribution and sources 
In situ gas contents of coals in the German Creek Seam at Oaky Creek range from <1 to >17 m
3
/t (at sample ash) 
and generally increase with depth. Maximum CO2 contents occur at depths less than 300 m in the vicinity of 
structural highs (Fig. 2), which may reflect the differential transport of CO2 and CH4 in water saturated coals under 
near surface conditions [14, 24]. The two most abundant gases in the gas samples desorbed from the two Oaky 
Creek coal cores are CH4 and CO2. The CH4 content of the desorbed gases ranges from 92.24 to 98.92% in the low 
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CO2 well and 73.54 to 88.71% in the high CO2 well. The CO2 content of the desorbed gases ranges from 0.60 to 
2.41% in the low CO2 well and 13.48 to 26.46% in the high CO2 well. The dryness index of the gases sampled is ≈ 
1.0 with C2H6 contents consistently less than 0.1%. CH4 
13
C values range from -55.7 to -61.1‰ (mean -59.7±1.5, 
n=12) in the low CO2 well and -59.5 to -66.1‰ (mean -63.6±2.4, n=11) in the high CO2 well. These carbon isotope 
compositions are somewhat more negative than is typical of Bowen Basin coal seam methane that may indicate 
mixed and/or biogenic sources (Fig. 4). CH4 D values range from –213.0 to -223.0‰ (mean -218.4±3.2, n=8) in the 
low CO2 well and -213.8 to -221.3‰ (mean -217.9±2.9, n=7) in the high CO2 well, which is typical for Bowen 
Basin coal seam gas (Fig. 4). CO2 
13
C values in the high CO2 well exhibit a narrow range from -8.7 to -9.8‰ (mean 
-9.2±0.4, n=11) consistent with an inorganic igneous or mantle source [16, 25]. It is likely the bulk of the CO2 
adsorbed in the German Creek Seam at Oaky Creek was emplaced during Late Triassic tectonism based on dating of 
illitic clay minerals from the high CO2 well that yielded a Rb-Sr isochron age of 208±5 Ma [6]. 
In situ gas contents of Hoskissons Seam coals range from <3 to >12 m
3
/t (as sample ash) and vary significantly 
both laterally and vertically. Maximum CO2 contents occur at depths less than 350 m and are broadly correlated 
with in situ gas content in the coal exploration dataset shown in Fig. 3, which suggests the coals in question were 
undersaturated with respect to CH4 prior to adsorption of CO2. The two most abundant gases are CH4 and CO2; 
however, the dataset does not include C2H6 and other higher hydrocarbons. The CH4 content of the coal seam gases 
ranges from 3.30 to 56.40%, whereas the CO2 content ranges from 25.70 to 93.80 %. More broadly, well completion 
reports for coal seam gas exploration wells in the Gunnedah Basin show similarly variable CO2 contents with 
methane predominant at depth and in structural lows, and CO2 increasing towards structural highs [18].   The 
available carbon and hydrogen isotope data for Gunnedah Basin coal seam gas production wells with low CO2 
contents suggest the gases are of mixed origin (Fig. 4).  CO2 
13
C values for these gases exhibit a wide range from 
isotopically depleted in 
13
C CO2 (<-10‰) derived from an organic source to isotopically enriched CO2 (>0‰) 
residual after methanogenesis. Stable isotopic studies have not been undertaken on high CO2 gases from the 
northern Gunnedah Basin; however, by analogy with the adjacent Sydney Basin [14], the CO2 is likely to be of 
magmatic origin. In this context Rb-Sr age dating of illitic clays suggests fluid circulation in the Gunnedah Basin 
was related to Late Cretaceous extensional magmatism [6]. 
 
 
Figure 4  Plot of carbon versus hydrogen isotopes for methane from Permian coals in the Gunnedah and Bowen Basins. Oaky Creek coal seam 
methane results are the black diamonds. Gunnedah Basin coal seam gas results are the blue symbols. 
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4.2 Petrography of carbonate-bearing samples 
The main detrital components of the Gunnedah Basin sandstones are quartz, volcanic rock fragments (commonly 
silicified or altered to kaolinite), K-feldspar (microcline, lesser sanidine), and some mica (usually altered to kaolinite 
or illite-smectite).  Kaolinite, carbonate and silica are the main cement constituents. Illite-smectite occurs commonly 
as an alteration product of volcanic rock fragments and mica. Two generations of siderite are recognized in the 
carbonate-bearing Gunnedah Basin samples, similarly to our previously analysed samples from the central/northern 
Bowen Basin [8]. Siderite I is the earliest carbonate generated that is associated mainly with kaolinite. It generally 
occurs in high abundance and pervasively replaces much of the rock. Siderite II is less common and associated with 
calcite-ankerite cement. Calcite-ankerite and siderite II occur as clusters of well-formed small crystals and are found 
mainly as replacements in volcanic rock fragments or as vein filling minerals. The carbonate veining is locally 
intense and commonly associated with brecciation of large quartz grains that indicates hydraulic fracturing by CO2-
rich fluids. Dawsonite is observed in thin veins in coal seams (Hoskissons Seam) and also occurs together with 
calcite and ankerite as a vein filling within sandstones. 
 
Detrital and authigenic mineral contents of the samples from the Oaky Creek area are similar to those from other 
parts of the Bowen Basin. These rocks consist mainly of volcanic rock fragments, quartz and plagioclase and have 
been intensively cemented and veined by clay and carbonate minerals. Calcite, ankerite and siderite are very 
common in Bowen Basin sandstones rarely constituting less than 10% of the bulk rock [8]. However, Oaky Creek 
samples have comparably less carbonate cement content, with almost no carbonate veins being observed.  Samples 
from the high CO2 well have experienced the most intense hydrothermal alteration that is represented mainly by 
illite-rich mixed-layered illite-smectite and some chlorite. On the other hand, samples from the low CO2 well 
contain mainly kaolinite and siderite, with less mixed-layered illite-smectite. This is consistent with the dissolution 
of carbonates and formation of illite-smectite mixed layer clays in the roof and floor rocks of the high CO2 coal 
seam as a result of interaction with carbonic fluids. 
4.3 Carbonate carbon and oxygen isotopes 
Carbonate samples from the Gunnedah Basin have similar stable isotope compositions to those from the Bowen 
Basin indicating similar fluid sources and conditions of formation (Fig. 5). Based on petrographic observations, 
siderite I from the Gunnedah and Bowen Basin formed as an early diagenetic phase under reducing conditions at 
relatively low temperature (<80°C). Siderites from the two basins exhibit parallel but not overlapping isotopic trends 
(Fig. 5), with both negative and positive 
13
C values indicative of CO2 derived from organic sources and 
methanogenesis, respectively. The most negative siderite 
13
C and 
18
O values overlap the calcite and ankerite field 
that suggests these siderites formed under similar conditions, which is consistent with the petrographic evidence for 
a second generation of siderite. We previously attributed the relatively low 
18
O values of the northern Bowen Basin 
ankerites and calcites to formation from 
18
O-depleted meteoric hydrothermal waters during Late Triassic tectonism 
[8, 13]. A similar hydrothermal process is also the most likely mechanism for the formation of the observed clay–
carbonate mineral association at Oaky Creek and in the Gunnedah Basin. Carbon isotope composition of the calcites 
and ankerites from both basins are similarly variable with both positive and negative values (Fig. 5). We previously 
interpreted such 
13
C values for the Bowen Basin samples to reflect CO2 derived from thermal degradation of 
organic matter and attributed the more positive 
13
C values to isotope exchange reactions in a mixed CO2-CH4 
bearing fluid [8]. However, the bulk of the carbon isotopic data are also consistent with marine carbonate (
13
C 
value of 0‰; [25]) and magmatic/mantle sources (13C value of -7±2‰; [25]) provided carbonate precipitation 
occurred at or below the maximum temperatures indicated by the clay mineralogy (<170°C). 
 
The Gunnedah Basin dawsonites in the present study have a narrow range of 
13
C and 
18
O values similar to the 
stable isotope compositions of dawsonites from other locations in the Gunnedah Basin and those from the Denison 
Trough (Fig. 5). Both marine and magmatic sources are consistent with the measured carbon isotope values when 
account is taken of the likely formation temperature and the mineral-CO2 fractionation factor [cf. 7]. However, 
dawsonite is a late stage diagenetic phase that occurs predominantly in non-marine sections of the BGS basin system  
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Figure 5 Oxygen and carbon isotopic compositions of carbonate cements and veins from the Gunnedah and Bowen Basins. 
including coal seams with high levels of magmatic CO2 in the seam gas, which suggests dawsonite formation is 
linked to an influx of magmatic/mantle CO2. 
4.4 Implications for adsorption and mineral trapping of CO2 in coal systems 
Modelling studies suggest that significant CO2 can be sequestered by carbonate formation when CO2 is injected 
into sandstone formations with trapping capacity determined largely by cation availability [e.g., 26, 27, 28]. Cations 
for carbonate precipitation in these simulations come mainly from dissolution of chlorite and sodic plagioclase or 
other reactive phases like volcanic rock fragments that are uncommon in many reservoir sandstones.  This may 
explain the lack of evidence for mineral trapping in high CO2 gas fields where dissolution of CO2 in formation water 
(solubility trapping) is the dominant sequestration mechanism [5]. On the other hand there is ample evidence for the 
presence of reactive minerals and carbonate formation through fluid-rock interaction processes in the BGS basin 
system with many sandstones having carbonate contents in excess of 10%. The formation of dawsonite in particular 
seems to be linked to influx of magmatic/mantle CO2 into sandstones that contained detrital plagioclase and/or 
volcanic rock fragments. More broadly, it is likely that calcite-ankerite-siderite mineralisation in the BGS basin 
system formed under high fluid-rock ratio conditions in response to Mesozoic hydrothermal activity. This suggests 
that injection of CO2 into structural lows and the long distance lateral and vertical migration of this CO2 (so-called 
migration assisted storage or MAS) provides the best opportunity for maximising mineral trapping. The dominant 
initial trapping mechanism in this scenario is residual gas saturation trapping of CO2 left behind by the migrating 
plume that then dissolves in the formation water and may precipitate as carbonate as CO2-water-rock interaction 
proceeds. On the other hand, natural adsorption trapping of CO2 in coal systems seems to be most effective at 
relatively shallow levels where the CO2 solubility in water is lower, which may reflect the differential migration of 
the CO2 within the coals that act as fractured aquifers.  
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